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introduction 
In assessing the potential of s l i c ing  techniques for the photovoltaic sheet industry, a 
basic issue arises concerning the abi l ity of the wafering equipment industry to meet future 
needs : 
Given the current state-of-the-art i n  wafering technology, can the technology he 
further developed t o  meet and surpass the national goal of  S0.70/Up? 
This paper addresses the key technical l imitat ions which i nh i b i t  the lowering of value- 
added costs for these state-of-' he-art wafer i ng techniques. From the best experimental re 
su l t s  to date a project ion has been made to ident i fy those parts of each system which need to 
he developed in  order to mee* ar Improve upon the value-added cost reduction necessary for 
S0.70Dp photovoitaics modules. 
The major portion of the s i  l lcon wafer rmterial used for  solar cel I s  today i s  s l iced on 
the internal Diameter (ID) and Multi-Blade Slurry (MBS) saws. Although a Mult i -Wire Slurry 
(MWS) saw capable of s l i c ing  10 an x 10 a n  square materials i s  not commercially available, 
t h i s  saw has been added for comparison and i s  considered as s l i c i ng  10 an round material. 
A b r ie f  descript ion of the three saw types fo l  low: 
1. MBS - The machine under study represents a standard multi-blade slurry system such 
as the Varian mdel 7176. The ingot i s  forced up in to  the mult ip le blade assembly, which i s  
reciprocating a t  a la frequency (80-120 cycies/min.), The material i s  abraded away f r m  
beneath each blade by abrasive par t ic les in a continuously rec i rcu la t ing slurry. The to ta l  
cutt ing t im f a  an ingot I s  long (>I5 hours), but the large number of simultaneous cuts 
provide a wafer area throughput roughly equal t o  the other two techniques. Expendable mster- 
l a l s  costs f a  blades, o i l ,  and abrasive w e  much greater than with the 10 saw, but less than 
with the WS. Wafer thickness and taper are also mch m r e  d i f f i c u l t  to control than with 
the ID saw. The i n i t i a l  capi tal  investment, however, i s  two t o  three times lower than e i ther  
the ID or MUS saws. 
2. ID - The ID saw sl ices one wafer a t  a time, but does so a t  a hlgh output. The 
r i g i d i t y  of the annular diamond plated blade edge, combined with hlgh blade speed and diamnd 
abrasive, ai lous high feed rates t o  be used. The wafered area throughput i s  usually higher 
than for the MBS o r  MWS saws. The blade i s  the only consu~able used and i t s  cost per wafer 
i s  low. In  add i t ion, the 10 saw has good potential for au+-t ion, and clean1 ng costs a f te r  
wafering can be reduced sign i f  icant l  y. The i n i t i a l  capital Investhsnt, however, i s  higher 
than for the MBS saw. 
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3. WS - A wlre saw of the type mmie by the Yasunaga Enginoerlng Company of Japan I s  
amsidered here. Th Is saw uses an abrasive lapping process l i ks  thr M6S sew. I n s t d  of 
s t r i p  steel blades though, a slngle strand of wire I s  wound i n  nu l t l p l e  loops ocl grooved 
rollers. Flne wires and abrasive particles all;* wa fus  )o bs cut a t  the larest center t o  
cen+er spacing of any of the techniques. But wlre cost I s  high; consumbles costs are higher 
for t h i s  process than for ei ther of the others. Machine w e a r ,  especially on the gaoved 
ro l lers ,  i s  a problem. Thus, maintenance i s  hlgh and reliability lor. Capital cost Is cum- 
parable to the ID saw. 
Another type of wlre saw which uses a f ixed abraslve, such as the FAST saw nor under 
development, has the potential for ~Ompetlng with these other techniques. This saw has not  
been included here because: (1) It i s  not camwc ia l l y  available and it i s  not clear uhen a 
production tool  w i  11  be available; (2) major technical probloms are yet to be resolved; and 
(31, we lack suf f ic ient  data on it to nmke a good comparison. 
ECONOMIC MODEL 
The flaw chart i n  Flgure 1 I l l us t ra tes  how the various cost factors combine to an- 
t r l bu te  to the f ina l  wafer price. Because t h i s  c a t  analysis i s  concerned only with the 
waferlng aspect of t h i s  problem it begins with an assumed ingot cost a f te r  sizing. Then. 
uslng varlous wafering assumptions (which are explained in  the next section), a f i na l  wafer 
cost i s  canputed for each ingot cast and waferlng technique. An explanation of t h i s  arar 
putationai r m t ~  f o ~  1ows.l 
We s ta r t  wlth the s i  l icon material cost. 
A - Ingot Cost ($/kilogram) 
In thi, analysis A i s  given 
B - Mater i a l  Yield (meters2/ki logram) 
B =  a Where a = y le ld  lncludlng beakage i n  decimai f ract lon 
2.33b b = center to center spacing of wafers i n  nm, 
c - SI I icon Material cost ($/meter21 
The naxt four factors are a l l  machine running costs In $/hour. 
3 - Machlne Capital Cost ($/hour) 
D - 2  I + f  
- - 
Where: c = capital  Investment per mchlne ( $ 1  
d e  2 d a runnlng hours per year 
e = perlod of depreciation (years) 
f * Interest ra te  per year In decinbnl f ract ion 
E - Labor Cost Per Machine ($/hour) 
(E4) 
E - 9  - W e :  g - o p e r a t a c o s t  lncludlngoverhesd ($/hour) 
h h = number of nschlnes per aperator 
F - Parer Cost (S/hour) 
F = io j  Where: I = power per machine (ki lowatt)  
j = energy cost (S /k l  lowatt-hour 
G - F low Space (S/hour) 
G = k* lam 
--- 
Where: k - ~ f o o t ~ / y e a r  
d I = area required per saw 0 9 )  
m = excess space required ( f t2 )  
An output f igure per mch i ne In muters2/hour I s  needed to convert 0, E, F and G i nt0 
wafering add-on costs In s/meter2. 
H - Output (meter2/hour) 
For MBS and MWS saws 
Where: n = number of wafers cut per blade, bladepack, 
H = 60*n.a*s or wire length 
(I+p)= (q+r) p = machine downtinw, for  nalntenaece w e r  
to ta l  running time 
q = cycle or run time (min.) 
For ID saws r = to ta l  time spent on blade instal lat ion, 
work piece change, and dressing for  blade 
H = 60*n*abs or bladepack (rnln.1 
(ng(l+p)*q)+r o = ares per wafer (meters2) 
Other waferlng add-on costs are blades and consumables. 
I - Blades ($/met8r2) 
I = t  
- 
Where: t = t o o l  cost(S/blade, bladepack, wlre length) 
u0a u = tool  l i f e  (meters21 
For the ID saw, the cost of consumables I s  negligible. For s lur ry  saws: 
J - Consumables ( $/meter2 
J a (v0w)+(y*z) Where: v = o l l  cost($/gal lon) 
a w = o i  I use (ga~/meter2) 
y = abrasive cost (S/lb) 
z = abrasive use ( I b/meter2 
Wafer cleanlng costs w e  not d l rect ly  included. Analysis shows that  d i rec t  materials 
add less than 1% t o  the wafer cost, and labor I s  Included In  the labw costs per saw. 
The t o t a l  rafer ing add-on pr la can nor be calcu lated. 
K - Wafering Add-On   meter^) 
And the f ina l  wafer cost i s  the sum of the s i l i con  m t u l a l  ocnt and th. wsfu lng 
add-on. 
( E l l )  
Total Wafer Cost ($/meter2) = C + K 
TECHNOLOGY DISCUSSION 
Thls analysls attempts to answer two qwotlons. F l rs t ,  hou do state-of-the-art resu l ts  
for each of the three waterlng technlquss canpare over a rang. bf lngot prlces from 100 to 
300 $/kg? Second l y, a 1986 scenar l o  I s  shown. The lngot pr Ice I s  assumd to drop to 25 
$/kg, vhlch corresponds to 14 Wkg feedstock and 11 $/kg lngot value addodo2 A t  t h i s  cost, 
what developments in each saw type would a l  low production a t  lass than 37 $/Wp for wafers or 
56 $/n? a t  155 c e l l  efflclency. A l l  costs are In 1980 dol lars  and correspond to the 
national goals, as allocated by the Jet Propulsion ~ a b w a t o r y . ~  
State of the A r t  Comparison 
The set of assumptions for the stateof- the-art  caapsrlson are I ls tod I n  Table 1 under 
headlng I for each saw type. The numbers for the ID and MBS saws are besad on tho best ex- 
perlmental resu l ts  to date In wak done a t  Somix. The numbers unod for the WS are baud on 
a JPL report, and some l imited work done a t  ~ o l a r e x . ~  A further wplanatlon of solae of the 
assumptlons i s  also glven below. 
The ID saw uses a standard 22 Inch blade. The wafers w e  10 a square and w e  cut a t  
.023 In  (0.58 m )  center-to-center spacing with .012 I n  (0.30 m) of kerf loss. Thls resu l ts  
I n  .011 In (0.28 mm) th i ck  wafers. The varlable r a t  120 minutes I s  the sum of 45 minutes 
f a  blade change, 60 mlnutes for dressing durlng +he l i f e  of the blade, and 15 mlnutes for 
workpiece changes. 
The MBS saw has two cases, a and b. In case a, 10 a square w f w s  are cut a t  .024 In  
(0.61 IMI) center to center spacing. The blades are .006 I n  (0.15nn) t h l c k w l t h  .018 in 
(0.46 mn) spacers. A 1400 g r l t  I s  used In a mcen t ra t l on  of 4 Ibs to  a gallon of o i l ,  re 
sult lng In a 24 hour run tlme. In case b, 10 an by 15 an rectangular wafers are cut a t  .a26 
I n  (0.66 m) spacing. Tha blades w e  .008 In  (0.20 mm) th l ck  wlth .018 I n  (0.46 mm) spacers. 
Wlth the .008 In blades, a hlgher abraslw concentration (6 Ibs/gallon) and a hlgher feed 
pressure csn be used, resu l t ing in  a 14 hour run time. 
The WS s a w  studled hare can cut a maximum of 79 cnj! I n  tho form of 10 am round 
wafers. The .018 I n  (0.46 m )  spacing produces .012 I n  (0.30 m) th lck  wafers with .005 I n  
(0.13 am) wire and i O  mlcron SIC abrasive. Wire us8 I s  approxlnstely 100 meters p.r wafv. 
The abrasive concentration I s  12 Ibs to a gal :G... 
Table 2 l l s t s  the  resul ts of the cost snslysls. Lodrlrg a t  tho Brvt  To Date f ~ t l c m  the 
f o l l a t n g  conclusions can bm drawn. 
- A t  a l  l Ing t prlces the ID sawing technique d-nnr t ra tos a lorm wfor cost. Thls 
renults f ran tho hlgh m t e r l a l  y le ld  and low conamabla and b l a h  costs. 
- Thorns i s  conpetit lve only s t  tho hlghert Ingot c a t ,  Md thon only w g l n c ' l y .  
Thls i s  because t h l r  tockn lqu  h a  vary hlgh blade anQ consumble cost8 and only a t  high 
lngot prlces dam tho WSts suporlor n s t w l a l  ;*le!d mke  up for the high ~ f u l n g  add-on 
ca t s .  Tha Inrg. wire and consunable c a t s  f a  tho UWS s a  are 1 l l u s t r a t d  I n  Flgure 2. 
I i': 
! 
, %  
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o Dovelopmnt of autanatod wafer retr ieval ,  l d l n g  and transport through clmnlng to 
r d u c e  labor costs 
a Lower cspl tal  costs 
o Machine develcpmnt to allow s l i c ing  of .008 t o  .010 lnch th lck  wafers with a cycle 
t lm of less than , nree minutes. 
For MBS sawlng the fol louing i m p r w ~ n t s  must k msde: 
o Reduoc c u t t  lng tlme through high r ec l p row t  lng sped  
o Lower center-to-center spac I ng 
o Decrease blade pack costs 
o Better humn emglnaerlng a a u t m t l o n  for w s l r  blade pack t~ns lon lng,  loadlng, 
and unloading 
o Reduced vibration, closer mchlne tolerances and k t tw  blado a l lgnmnt  accuracy i n  
order to cut th ln  wafers. 
These technologies can b developed to the point necessary to Inprwe the national 
photovaltalc cost goal only through cm i tmsn t s  by tho wafering aqulpmnt msnufacturers and 
continued support by DOE and JPL t o  pursue these areas of c r l t l c a l  technology develymnt.  
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DISCUSSION: 
SCHMID: Frank, you've acknowledged that the FAST technique has many advantages, 
but have m d e  an assumption that it would not be available to you. Why 
have you made that assumption? 
FUERST: I made the assumption because it is not available to us now. We still 
are not convinced of its technical readiness. I did not want to project 
into '86 with a machine that is not working to our satisfaction now, where- 
as both the other techniques are. I feel more confident with our projec- 
tions with a machine that is proven at the present time. 
SCHHID: I think one of the major projr!ctions that you're making and one of the 
greatest difficulties that you have in projecting is on the kerf plus 
thickness to achieve--and nowhere have you assumed getting--25 wafers per 
cm, or 64 wafers per inch, which is something that has been achieved on 
the FAST machine, so I think one of the major hurdles has already been 
demonstrated with the FAST machine. 
FUERST: We are eagerly awaiting further developments on that machine and as 
soon as one is available, we'll be happy to buy one or many of them. 
WOLF: Also, 25 wafers per cm has been demonstrated on the ID machines, it 
seems to me. 
FUERST: Yes, the numbers I used correspond approximately to 22 wafers per 
cm. 25 wafers per cm have been demonstrated on the ID saw, but not in the 
wafer size that we've assumed here. 
GLYMAN: Your second last chart showed 284 for the ID and 31d for the MBS. 
Now are these cost, or price? You said you didn't use IPEG. I don't 
think vou plugged in any overhead costs into your numbers. 
FUERST: They are included in terms of machine costs, investment over life of 
machine, interest paid on the investment cost of the machine, overhead on 
labor. We assume $6 per hour labor cost, which is high in 1980 dollars at 
150% overhead. 
SUREK: Frank, I missed something. Were these best-to-date results demonstrated 
for the semicrystalline material? 
FUERST: For both the MBS and the ID saw, y e s .  The wire saw, no. As I said, 
those are all taken from a report. 
SUREK: What sort of yields were obtained? 
FUERST: Typically, over 95%. We've had some that were much better than that. 
That was the main criterion in picking those assumptions: yield. It had 
to be above 9 5 2 .  We have in fact achieved closer spacings, but not at 
good yields. 
DYER: The question of the surface of the multiblade and the wire sau slices I 
haven't heard addressed much in this conference. I'd like to hear from a 
multiblade champion and a multiwire champion, and then somebody who makes 
solar cells. I'd like to find out what sort of a wavy surface that thing 
gives, and then I'd like to hear if the solar-cell manufacturer can stand 
it. We've done wafering of cells before at TI, and sometimes the surface 
just didn't come out so well, and you wondered whether they could accept 
any sort of metallization. On the ID saw you can generally produce a slice 
that's smooth enough to make a solar cell, but is that true for the multi- 
blade and the multiwire? I think that's a challenge. 
FUERST: First of all, the solar-cell specifications are much looser than those 
you would use in the semiconductor industry. Taper specs on the HBS can 
be as high as 2 to 4 mils over a 4-inch length, and that is not a problem 
in processing. Waviness can be a problem. It has not been a problem in 
production with the MBS saws, but it can be if you don't use them prop- 
erly. It's always been said that the ID saw produces greater surface 
damage on the wafer. We're only beginning to work with that problem, and 
I couldn't really speculate on it. 
KOLIWAD: In general, the waviness has not been a problem, unless the whole 
wafer ends up like a potato chip. But, if there are undulations on the 
surface itself, that's really not much of a problem. Secondly, the ques- 
tion about the damage depth effect on the solar cell. We presented a very 
extensive paper in 1978, in the Photovoltaic Specialists Conference. We 
did extensive studies of the damage depth on ID and moltiblade and we also 
looked at the effects of those things on solar cell efficiencies. And we 
came to conclusions for ID wafering that were exactly what Dr. Schwuttke 
observed, as far as the depth of damage was concerned. In the case of 
multiblade, the damage depth was 10 microns compared to 25 to 50 microns 
for ID wafering, which is consistent with what the semiconductor industry 
people have seen. In the case of multiblade, the damage of 10 microns was 
considered to be not extensive--as a matter of fact, so much so, that you 
don't even have to remove it, if you're going to texturize the surface. 
The paper contains all this data about efficiencies, and we measured the 
efficiency by incrementally moving the damage also just to check to see if 
a certain amount of damage is acceptable or not. 
I would like to solicit some comments from the wafer manufacturers 
and from the machine manufacturers, particularly on the number of machines 
per operator. In the analysis you have to assume something. You start 
with one =chine per operator, whatever is accepted level for today's 
machines and so on. As you know, it is extremely hard to get data di- 
rectly from the manufacturers. By the way, Martin Wolf has done extremely 
good effort in the last four or five years cnntinuously updating the prac- 
ticed technology, which includes a lot of things like coffee breaks, peo- 
ple sleeping on the machines, etc., and Martin has done several reports, 
which are available. But when you do the sensitivity analysis, the 
sensitivity analysis basically tells you the relative variations with re- 
spect to any given parameter. It does not give you any absolute number. 
So you can take those curves, and look at then, and secretly put your data 
point wherever you think you are. My question to the wafer manufacturers 
is: how many machines per operator do they realistically think are 
practically possible, not just today but four or five years from now? 
KACHAJIAN: I n  response t o  Kris's ques t ion  regard ing  t h e  number of machines 
t h a t  can be run  by an  o p e r a t o r ,  we have c u r r e n t l y  one customer running 1 0  
machines wi th  one o p e r a t o r ,  and I t h i n k  w e ' l l  l e a r n  l a t e r  t h i s  evening 
t h a t  f o u r  or f i v e  y e a r s  from now, w e  may have 50 t o  100 machiezs run by 
one opera to r .  
WOLF: I had opened t h i s  s e s s i o n  wi th  a comment wi th  r e s p e c t  to t h e  mul t ib lade  
saw which was t h a t  we had a tremendous va lue  on t h e  machine, and i t 's 
important t o  want t o  keep t h e  y i e l d  up, t o  have more people watching. I 
th ink  t h e  answer t o  the  problem is t h a t  w e  have t o  l e a r n  t o  develop b e t t e r  
sens ing  systems t h a t  v i l l  i n d i c a t e  r e a d i l y  i f  something starts to go wrong 
on t h e  machine s o  t h a t  we don ' t  need an opera to r  t h e r e  l i s t e n i n g  a s  some 
of t h e  sound is changing, and s o  t h a t  one l e a r n s  how t o  d e t e c t  t h e s e  oncom- 
ing changes e a r l y  enough b e f o r e  too  many wafers  a r e  ru ined ,  and e i t h e r  t h e  
machine s h u t s  i t s e l f  o f f  o r  sets o f f  an  alarm, and s o  on. 
KACHAJIAN: We have t h a t  now, Martin. I f  t h e r e ' s  a coo lan t  f a u l t ,  t h e  machine 
w i l l  f i n i s h  t h e  c u r ,  come back up, no alarms o r  b e l l s ,  bu t  a red  l i g h t  
w i l l  go  on d i s t i n g u i s h i n g  t h a t  machine from any o t h e r .  So i n  t h e  d i n  o f  
t h e  n o i s e ,  i t ' s  not a s  bad a s  you p a i n t  i t .  They can look down t h e  l i n e  
and s e e  a machine wi th  a f a u l t  o f  soae  s o r t ,  which we d e t e c t  a t  t h i s  po in t .  
WOLF: 1 was t o l d  on t h e  MBS t h a t  t h e r e  a r e  t h i n g s  you don ' t  s e e  t h a t  s t a r t  t o  
go wrong and then very suddenly l ead  t o  c a t a s t r o p h i c  f a u l t s .  Wafer break- 
age and s o  on, s o  t h a t  something seems t o  i n d i c a t e  something going wrong 
j u s t  a s  sounds, and they even t o l d  m e  t h a t  they t r i e d  t o  put  on sound 
d e t e c t o r s ,  and a t  t h a t  t i m e ,  t hey  cou ldn ' t  t e l l  whether t h e  o p e r a t o r ' s  e a r  
was more s e n s i t i v e  then t h e  mechanical d e t e c t o r s  they could put on. Now, 
I t h i n k  t h a t  is again  a s t a te -o f - the -a r t  q u e s t i o n  wi th  t i m e ,  when they 
l e a r n  what f requenc ies  t o  l i s t e n  t o ,  o r  what type o f  changes t o ' l i s t e n  t o ,  
and i t  w i l l  be j u s t  a s  good as o r  b e t t e r  than what an  o p e r a t o r  can do. So 
I t h i n k  t h a t  these  a r e  technology q u e s t i o n s  where proper development car. 
be done and should be s u c c e s s f u l .  
DYER: We don ' t  make s o l a r - c e l l  s l i c e s ,  but  we  s l i c e ,  and I want t o  b r i n g  up 
some production problems. Now maybe h a l f  t h e  people i n  t h i s  room don ' t  
r e a l l y  know what t h e  problem is  wi th  regard t o  product ion of s l i c e s .  Le t  
m e  j u s t  t ake  t h a t  example he made: The red l i g h t  goes o f f .  Now remember, 
we've made t h i s  so t h a t  t h e r e ' s  j u s t  one man per 15 saws; t h a t  means 
t h e r e ' s  no maintenance man back the re .  Th i s  man would have t o  no t  pay 
a t t e n t i o n  t o  t h e  14 o t h e r  saws and go f i x  t h a t  th ing .  Now let  m e  t e l l  you 
what a c t u a l l y  happens. I f  i t ' s  a h e l l ,  t h e  b e l l  b o t h e r s  him, h e ' l l  go 
disconnect  t h e  b e l l .  I f  i t ' s  a i i g h t ,  t u r n  o f f  t h e  l i g h t .  Le t  t h e  y i e l d  
go down, l e r  anything happen, but f i x  t h e  machine. Because t h a t  guy is 
j u s t  running back and f o r t h  between 15 machines. I t 's bad enough when we 
run back and f o r t h  in  our smaller number of machines, now. I can g i v e  you 
h o r r o r  s t o r i e s  a s  t o  what we've done t o  your saws i n  our p l a c e  because 
t h i s  problem h a s n ' t  been addressed.  
KACHAJIAN: I recognize t h e  problem, and I guess  t h e  only  answer is one of educa- 
t i o n .  We've s e t  up a seminar i n  our p l a n t  where we s e t  a s i d e  a room f o r  
t r a i n i n g  people on a show-and-tell b a s i s .  Right next  door ,  we have t h r e e  
machines a l l o c a t e d  f o r  t e s t ,  f o r  educa t ion ,  f o r  o p e r a t i n g  by t h e s e  customers 
of o u r s .  
WOLF: I suspec t  t h e  answer, t o  some degree ,  i s  not  j u s t  t h a t  b e l l s  go o f f  o r  
l i g h t s  f l a s h ,  bu t  t h a t  t h e  machine s h u t s  i t s e l f  down i n  t h e  proper  manner, 
and doesn ' t  keep running i n  a f a u l t y  way. And s o  then j u s t  your mechine 
down time g e t s  longer ,  i f  t h e  man doesn ' t  go t h e r e  e a r l y  enough, but  a t  
least your y i e l d  is reasonably  mainta ined,  and nothing r e a l l y  major can go 
wrong i n  the  meantime. Now, I th ink  Lar ry  (Dyer) r e f e r r e d  t o  t h e  q u e s t i o n  
of t h e  maintenance people,  and t h i s  is something I a l s o  had on my mind 
when I looked through t h e s e  economic a n a l y s e s ,  I see a machine a v a i l a b i l i t y  
of 90% l i s t e d ,  then I say  I have t o  put I n  a maintenance man f o r  something 
l i k e  one t o  two times t h i s  amount o f  time t h a t  t h e  machine is down. A t  
least t h e r e  w i l l  be one man working most o f  t h e  time t h a t  t h e  machine is 
down, and i n  a d d i t i o n ,  he may have t o  r e p a i r  a p a r t  a f t e r  t h e  machine is 
running a g a i n ,  o r  he spends t i m e  making s u r e  p a r t s  g e t  r eordered ,  and s o  
on. So I th ink  it's more than a 1:l r a t i o ,  normally. And s o  i n  economic 
ana lyses  I t h i n k  we ought t o  put something i n  f o r  t h e  upkeep o f  t h e  
machines and i t  is a h igher  p r iced  l abor  than t h e  o p e r a t o r  l abor .  
KACHAJIAN: I n  t h e  semiconductor bus iness ,  you've g o t  t o  look a t  t h a t  bus iness  
a s  a compet i t ive  marketplace,  and down t i m e  is c r i t i c a l .  We've developed 
our  equipment wi th  t h a t  parameter i n  mind. As a n  i l l u s t r a t i o n ,  I can say  
t h a t  one of our customers wi th  over  100 machines, dur ing  a per iod of time 
extending about 15 months when demand exceeded supply,  had 99% up t i m e  run- 
n ing  seven days a week, 24 hours  per  day. What is  a l s o  c r i t i c a l  is t h a t  
i t ' s  s t i l l  a batch-wise process ,  and w e  have t o  g e t  away from t h a t .  
WOLF: Yes. Whatever t h e  down time of t h e  i n d i v i d u a l  machine is, t h a t ' s  what 
h a s  t o  be accounted f o r ,  and t h i s  is one o f  t h e  major c o n s i d e r a t i o n s  i n  
t h e  economic a n a l y s i s .  What is  t h e  r e l i a b i l i t y  o f  t h e  machine, how much 
is its a v a i l a b i l i t y ,  what are t h e  c o s t s  of r e p a i r s ?  
ILES: L i s ten ing  t o  a l l  these  fabulous  p r o j e c t i o n s ,  I th ink  aga in  t h a t  t h e  
problem of  ganging I D  wheels,  even two of them, seems t o  be much s imple r  
than perhaps 99% uptime, and complete automation f o r  50 machines. Perhaps 
we need t h e  push t h a t  somebody mentioned, e.g., t h a t  t h e  mul t iwi re  saw h a s  
t o  come on before  t h e  I3 people are going t o  t r y  and a t  l e a s t  g i v e  us a 
conc lus ive  experiment t h a t  proves t h a t  i t 's very  d i f f i c u l t  and maybe impos- 
s i b l e  t o  gang I D .  
The work damage i n  g e n e r a l  depends on t h e  p a r t i c l e  s i z e  and t h e  rate 
of  c u t t i n g .  I th ink  you have t o  be ve ry  cau t ious .  A t  t h e  moment, t h e  I D  
saw c e r t a i n l y  has  around 25 microns work damage, because they run very  
qu ick ly .  Most mul t iwi re  saws a r e  running 10 t o  1 5  and thereabouts .  But 
i f  t h e  mul t iwire  saws s t a r t  running 6-hour c y c l e s  and 9-mil s l i c e s ,  you 
may f i n d  t h a t  you have t c  remove 1 o r  2 m i l s  o f  t h a t  9-mil  s l i c e  t o  g e t  
r i d  of t h e  work damage, and then have t o  process  a 7 1 n i l  s l i c e  down t h e  
l i n e  which might have some impact on t h e  y i e l d .  I th ink  you may f i n d  n o t  
always running t h e  sew a s  f a s t  -s you can is n e c e s s a r i l y  t h e  way t o  go. 
SCHMID: A s  you i n c r e a s e  t h e  throughput through t h e  aech jne ,  number of machines 
pe r  opera to r  w i l l  n a t u r a l l y  go down. T h a t ' s  something t h a t  you r e a l l y  
have to  t ake  i n t o  s e r i o u s  cons idera t ion .  You would no t  be a b l e  t o  handle  
1 0  machines per o p e r a t o r  a t  speeds  t h a t  vould be g r e a t e r  than 4 mils per  
minute. 
WOLF: I n  analyzing the  labor  conten t ,  i t ' s  always good t o  separa te  i n t o  
machine loading and unloading time, i n t o  bladepack preparat ion time, and 
j u s t  machine watching time. For t he  machine watching time, you can e a s i l y  
keep a la rge  number of  machines per ope ra to r ,  but the unload-load time is 
constant  per machine, per run. You can improve on t h i s  and l ea rn  how -0 
speed t h i s  up with proper too l ing  and s o  on, but t he re ' s  always a l i m i t .  
There's always more o r  less a constant  i n  the  whole ca l cu l a t i on .  
Now, t o  t h i s  o ther  question. How good a r e  our assumptions? 
Regarding MBS, what can we do t o  o s c i l l a t e  a t  much higher r a t e s ,  o r  with 
longer s t rokes?  Can we ge t  the t angen t i a l  t o o l  speed considerably up 
above what i t  is now? 
LYNAH: The s t roke  r a t e  t ha t  we presen t ly  a r e  l imited t o  is 250 s t rokes  per 
minute. We have a capab i l i t y  t o  go above t h a t ,  but the machine's hopping 
around too much. We have sawed a t  150 s t rokes  per min, and i t ' s  q u i t e  
smooth. Unfortunately,  we haven't  not iced the s t r a i g h t - l i n e  r e l a t i o n s h i p  
between the  s t roke  speed and the  sawing r a t e .  And I have t o  aga in  ge t  
back t o  what I f e e l  i s  our basic  problem, the feed. And I f e e l  t ha t  possi-  
bly we're not g e t t i n g  a t r u e  p i c tu re  of t he  s t roke  r a t e  and sawing r a t e .  
But 150 means t h a t  w e  should ge t  the c u t t i n g  r a t e  of our saw up about 50% 
over the  present sawing. 
FUERST: I was hoping Fred Schmid would t a l k  a l i t t l e  b i t  about h i s  so lu t ion  
t o  increasing c u t t i n g  speed. There is an obvious so lu t ion  and I have i n  
f a c t  worked with a machine designed f o r  1000 cyc les  per minute. We've c u t  
a t  800 cycles  per minute. I wouldn't t r y  t o  o s c i l l a t e  the workpiece a t  
t h a t  speed. I think t h a t  would be asking f o r  a l o t  of t rouble .  The 
s t roke  is sho r t e r  than t h a t  which you would f ind  on the  Varian MBS. The 
t o t a l  t angent ia l  ve loc i ty  increases  about an order  of magnitude. 
SCHMID: The problem i n  going t o  high speeds is the  acce l e r a t i on  fo rces  a t  
the  end of t he  s t roke .  Obviously you'd want t o  reduce the ma;s of t he  
bladehead a s  much a s  possible .  With wire ,  you can do t h a t  because the ten- 
s ion on the  wire is  about 5 pounds, and s o  you can use a much l i g h t e r  frame. 
The other  thing t h a t  we're looking a t  is balancing of f  those fo rces  s o  i t ' s  
180° out of phase, and making su re  t h a t  the  fo rces  a r e  a l l  center- l ined,  
so  everything is balanced out.  Using i s o l a t i o n  and v ib ra t i on  mounts, you 
prevent the  transmission of v ib ra t i on  from the dr ivk u n i t  t o  t he  bladehead 
i t s e l f .  Those th ings  can considerably increase  the  speeds. We've run 
speeds up t o  500 f e e t  per minute. Typical ly ,  we run around 400 f e e t  per 
minute. I think 250 s t rokes  is around 370 f e e t  per minute. That 400 t h a t  
we run rou t ine ly  is with a single-head machine. 
WOLF: With respec t  t o  the  quest ion of speeding up o s c i l l a t o r y  motions, I think 
Mr. Lynah's approach t h a t  he discussed t h i s  morning about s t o r i n g  the  
energy i n  spr ings  sounds t o  me l i k e  a very good approach. J u s t  ge t  a 
resonant system and don't  t r y  t o  d i s s i p a t e  a l l  t h a t  energy i n  t he  ou ts ide  
machine frame, but r a t h e r  s t o r e  i t  and reuse i t .  But the o s c i l l a t o r y  
motion has i ts own problems with t he  p a r t i c u l a r  type of blade wear and the  
quest ion of having t o  abrade your workpiece a t  the  end of the  s t roke  with 
zero ve loc i ty .  It seems tha t  nobody has  been ab l e  t o  work out a system 
where with ro ta ry  motion w e  can have mul t ip le  blades,  and mul t ip le  c u t t i n g  
ac t i on  a t  the same time. 
ILES: Perhaps the multi-blade people could consider the analog of a rotating 
ingot and have an out-of-phase moving workpiece and tool. I wonder if per- 
haps you could take some of tlJs problem at the end of the stroke out of 
it by having the two moving out of phase. Have the workpiece and the work 
tool working in opposition, so that the relative speed is increased by 
something like a factor of 50X. 
LIU: I'd like to point out something else that's been overlooked in the dis- 
cussion with the multiblade and multiwires. We heard a lot yesterday from 
the lubricant people with regard to the ID technology. I don't really 
think we've really examined that to the detail that we've done with the ID 
saws. So maybe that's another area to look at to increase the cutting 
speed. 
WOLF: This is certainly an area which needs more exploration. It seems, from 
what we have been hearing, that it might be a factor-.of-2 affair, rather 
than an order of magnitude affair, but even a factor of 2 at this point is 
very worthwhile exploring. Maybe if some miracles happen, it will turn 
out to be more than a factor of 2. The whole question of cutting action 
that is taking place as we have been seeing at this meeting is very unclear 
still. And so some considerable progress might be made once one really 
understands what is happening. 
LIU: I think one advantage that we have with the multiblades and multiwire 
saws is that you can actually increase the throughput of the machines by 
just multiplying the number of wires or blades that the machine uses. You 
really don't have to increase the actual cutting speed of the physical 
wire or blade through the ingots, all this as opposed to a single-slice 
cutting technique like the ID saw. 
FUERST: One comment that was significant that was made earlier was the one 
made by Fred Schmid in the discussion with Professor Werner: you don't 
maintain the point contact if you have a diamond-coated blade such as on 
the HBS saw. He didn't think you can maintain the pressure per particle 
that is necessary or that is achieved in slurry slicing where you actually 
have a point or a very short lige contact. Is there anybody here from TI, 
who worked on the project that they had, slicing with diamond-coated blades? 
DYER: I observed that project from a distance. I remember that it cut very 
fast at one time, and then it ran into some problem or something. It was 
dropped. It looked like at least an idea that could go on, i . e . ,  combining 
the idea of the rotating crystal with the multi-blade saw, and it looked 
like it was worthy of at least somebody grabbing hold of it. Of course, 
when you get to the end of it, you're left with this little neck in the 
middle, and you have to cut that, and you have to do something to the thing 
so that it doesn't fall apart. So I think they just put some epoxy on the 
top. That may not be the best thing, maybe you'd want to put a series of 
spacers in or something. I really believe that it still a viable concept. 
Has anybody considered or used or tried the idea of using a really 
cheap material for these blades, like some say as rigid as possible and as 
cheap as poeeible d d  as high-temperature as possible, e.g., a plastic? 
FUERST: I n  t h e  work done a t  T I ,  t h e  b lades  were coated on t h e  MBS saw, and 
they attempted t o  make s l i c e s  us ing t h e  normal mode of r e c i p r o c a t i n g  motion 
wi th  an ingot  mounted beneath. The r e s u l t s  were ve ry  poor, s l i c i n g  t imes 
weren' t  good, s l i c i n g  a b i l i t y  of t h e  blade dropped o f f  a f t e r  the  f i r s t  c u t .  
Then they went t o  t h e  r o t a t i n g  c r y s t a l .  They r o t a t e d  t h e  c r y s t a l  a t  t h e  
same time they were r e c i p r o c a t i n g  the  bladehead. The r e s u l t s  were ve ry  
good, then they got very high c u t t i n g  r a t e s .  Of course ,  they had t h e  pro- 
blem of 200 wafers a l l  bound toge ther  by t h e  t i n y  n i p p l e  running down t h e  
c e n t e r  of them. It was very  ~ ? i f f i c u l t  t o  demount. 
WOLF: 1 was th ink ing  of a blade by GE, diamond-coated uniformly along t h e  
c u t t i n g  edge, make a ve ry  hard smooth c u t t i n g  edge,  and s t i l l  have a f r e e  
a b r a s i v e  r o l l i n g  underneath. T h i s  is  not  t h e  f ixed-abrasive-type system, 
but  j u s t  a very hard t o o l ,  a c o u n t e r p a r t  of where t h e  movable a b r a s i v e  
pushes a g a i n s t ,  but  does not  wear o f f  t h e  t o o l .  The t o o l  i s  harder  than 
t h e  workpiece, dnd t h e  t o o l  does no t  g e t  abraded t h i s  way. We have t o  
somehow look f o r  ways of decreas ing  t o o l  wear--that 's  one of our b i g  
costs--labor c o s t s  i n  mounting t h e  t o o l  of t h e  bladepack, and c o s t  of t h e  
b lades ,  s o  i f  you could g e t  t o  100 runs  per  bladepack, we may have an eco- 
nomical system there .  
SCHMID: By us ing  a loose  a b r a s i v e  i n  combination wi th  a f i x e d  a b r a s i v e  you 
tend t o  bredk down t h e  bond, i n  f a c t  you d e s t r o y  t h e  t o o l  very  q u i c k l y ,  
because t h e  loose  a b r a s i v e  Ls working on t h e  n i c k e l  t o  r e l e a s e  the  diamond 
and you l o s e  i t .  
WOLF: I ' m  not  t a l k i n g  about egbedded diamond. I ' m  t a l k i n g  about a uniformly 
coated grown c r y s t a l ,  a  s i n g l e  c r y s t a l  of diamond a l l  a long the  c u t t i n g  
edge. 
SUREK: Would you n e c e s s a r i l y  want t o  use any of t h e s e  c u t t i n g  techniques  and 
approaches i f  you were t o  c u t  cheap s i l i c o n ,  maybe meta l lu rg ica l -g rade  
s i l i c o n ,  o r  would you want t o  maybe use t h a t  p l a s t i c  b lade which you can 
throw away a f t e r  f i v e  c u t s ,  o r  use a completely d i f f e r e n t  approach where 
you're not  worried about ke r f  and wafer th ickness  any more? 
KOLIWAD: What happens i n  case  we a r e  t o  c u t ,  no t  semiconductor-grade s i l i c o n ,  
but metal lurgical -grzde s i l i c o n  where we have s i l i c o n - c a r b i d e  p a r t i c l e s ?  
What w i l l  be the  blade l i f e ?  Can we assume our p r o j e c t i o n s  t o  hold t r u e  
t h e r e ?  Even tua l ly ,  I t h i n k ,  we may go i n  t h a t  d i r e c t i o n  t o  f u r t h e r  reduce 
the  c o s t .  So now we a r e  a t  a po in t  where we have those  k inds  of t h i n g s  t o  
cons ider  a l s o .  
S t i l l ,  we have t o  have some e s t i m a t i o n  of t h e  c o s t .  So how cheap is  
the  cheap p l a s t i c ?  Is t h e r e  any s t a t e  of t h e  a r t  we can e s t a b l i s h ?  
WOLF: Also,  I th ink  t h a t  w e  ought t o  recognize  t h a t  s t e e l  is one of t h e  
cheapest  m a t e r i a l s  w e  have around, and p r a c t i c a l l y  a l l  p l a s t i c s  c o s t  a l o t  
more than s t e e l .  
KOUNDAKJIAN: We manufacture I D  b lades .  I n  t h e  h i s t o r y  of t h e  I D  b lades  you 
can s e e ,  1960 t o  1965, they were s i n g l e - l a y e r  diamond. Because of t h e  
f r i c t i o n  of c e r t a i n  p o i n t s ,  i t  was g e t t i n g  r e a l  h o t ,  and t a k i n g  a l l  t h e  
diamonds. We should s t a r t  t h i n k i n g  about m u l t i l a y e r  r l a t i n g  and some kind 
of coo l ing  channels  on t h e  diamond s e c t i o n .  When you have a  mul t i l ayered  
diamond, you shouldn ' t  have any d i f f i c u l t y  when you ' re  s l i c i n g .  I t h i n k  
you should look i n t o  t h a t  p o i n t ,  10 t o  12 mils diamond depth  on the  wire .  
MORRISON: To respond t o  Mart in ' s  sugges t ion  of a  hard  blade f o r  f ree -abras ive  
wafering: r i g h t  now, what w e  have is  a  s o f t  b lade and a  hard workpiece. 
The process  works because the  hard workpiece f r a c t u r e s .  A hard-blade 
m a t e r i a l  would have t o  be s o  hard i t  would not  frat-ure a s  e a s i l y  a s  t h e  
si1:con. I n  t h a t  case ,  t h e  one th ing  t o  worry abou t ,  I ' m  a f r a i d ,  is t h e  
shadowing e f f e c t  t h a t  Werner t a lked  about t h i s  morning. One hard f r e e -  
a b r a s i v e  p a r t i c l e  t h a t ' s  l a r g e r  than t h e  o t h e r s  w i l l  l i f t  t h a t  b lade  away 
from a l l  the  o t h e r  a b r a s i v e  p a r t i c l e s  and on ly  one w i l l  c u t  a t  a time. 
WOLF: On t h e  o t h e r  hand, i f  you have a  long c u t t i n g  l e n g t h ,  t h e r e  w i l l  be a  
number t h a t  a r e  c u t t i n g .  C e r t a i n l y ,  I agree  t h e r e  w i l l  be probably an  
o r d e r  of magnitude fewer g r a i n s  c u t t i n g  a t  a  time, but  s t i l l  i t  may be 
worth whi le  i f  we can extend t h e  t o o l  l i f e  s i g n i f i c a n t l y .  
AHARONYAN: Re I D  c u t t i n g  wi th  low k e r f  l o s s :  we've seen some smal l  r educ t ions  
i n  k e r f  over the  p a s t  two o r  t h r e e  years .  One of t h e  b i g g e s t  stumbling 
blocks  is t h e  core  of t h a t  b l a d e ,  t h e  s t a i n l e s s  s h e e t  metal  t h a t  h a s  t o  be 
used t o  support  t h e  c u t t i n g  edge.  The blade saws t h a t  we're looking a t  
f o r  10- t o  15-cm i n g o t s  a r e  g e n e r a l l y  22 inches  i n  diameter  o r  27 inches  
i n  diameter.  Normally, they would need a  6-mil c o r e  a s  a  minimum t o  g e t  a 
good s t i f f n e s s .  We have found t h a t  we can make blades  wi th  a 4.8-mil c o r e  
which is  going t o  reduce our ke r f  by 1.2 m i l s  and s t i l l  mainta in  a  good 
s t i f f n e s s ,  g e t  good s l i c i n g  a c t i o n .  So T t h i n k  one of t h e  b igges t  th ings  
w e  can do i n  terms of blade development is  f i n d  m a t e r i a l  t h a t ' s  going t o  
g i v e  us t h e  s t i f f n e s s  of a  6-mil s t a i n l e s s  s t e e l  s h e e t  y e t  have th ickness  
of 3 o r  4  m i l s .  That w i l l  b r ing  us down i n t o  t h e  9-mil k e r f - l o s s  range 
f o r  these  blades.  T h a t ' s  one of t h e  b igges t  s t e p s  we can do. We have t o  
have some c lea rance  between the  diamonds. I f  we p l a t e  9  m i l s  of diamonds, 
we have t o  have a  l i t t l e  b i t  of spar-  between t h e  diamond p a r t i c l e s  and 
t h e  s u r f a c e  of the  blade.  You can make a  ve ry  t h i n  blade,  but i t ' s  n o t  
going t o  c u t  w e l l ,  u n l e s s  you have t h i s  c lea rance .  The c o r e  m a t e r i a l  seems 
t o  be a  b i g  a r e a  f o r  improvement. Right now, t h e  m a t e r i a l  is j u s t  p l a i n  
o l d  s t a i n l e s s  s t e e l  s h e e t s  t h a t  a r e  work-hardened t o  a ve ry  high t e n s i l e  
s t r e n g t h .  
DAUD: Question t o  P e t e r  (Aharonyan): i f  he  could comment on e tch ing  t h e  c o r e  
and then making t h e  blade--will i t  work o r  no t?  
AHARONYAN: We've done some e t c h i n g ,  and we've seen some small d i f f e r e n c e s .  
We've a l s o  done some h e a t  t r e a t i n g  and a l s o  seen some d i f f e r e n c e s .  But 
t h e y ' r e  no t  dramatic.  I t h i n k  what has  t o  be done is  j u s t  a p l a i n  old  per- 
centage i n c r e a s e  i n  the  t e n s i l e  s t r e n g t h  of t h e  material. Right now, we're 
working wi th  m a t e r i a l  on t h e  o rder  of 250,OO t o  300,000 p s i .  I f  we can 
i n c r e a s e  t e n s i l e  s t r e n g t h  by 30% o r  40X, we can reduce the  th ickness  by 
30% t o  40X, i n  t h e  core .  The s t a i n l e s s  s t e e l s  we're using now a r e  about 
a s  s t r o n g  a s  they can be made. 
DYER: I ' d  l i k e  t o  make a  comment on t h e  I D  saw, I ' m  no t  n e c e s s a r i l y  i n  favor  
of i t  f o r  i h e  s o l a r  c e l l s .  But, i t  is the  t h i n g  t o  be used,  I th ink  t h a t  
t h e  machine has  t o  be developed more than t h e  blade.  I t h i n k  t h a t  t h e  
manufacturers  may be up a g a i n s t  a  m a t e r i a l - s t r e n g t h  l i m i t  i n  t h e  m a t e r i a l  
they use f o r  t h e  b lade  core .  I t h i n k  we  have t o  pay more a t t e n t i o n  t o  
what t h e  b lade  is doing and d e s i g n  some t h i n g s  i n t o  t h e  machine t o  make i t  
h e l p  t h e  b lade  do t h a t  wi thout  f r a c t u r i n g  t h e  s l i c e .  The t h i n g s  t h a t  come 
t o  mind inc lude :  i n  o r d e r  t o  dec rease  t h e  con tac t  s t r e s s e s ,  a s  you ' re  
plunging through t h i s  m a t e r i a l ,  you need t o  have t h e  b lade  s o  t h a t  i t ' s  i n  
c o n t a c t  a l l  t h e  t ime,  r a t h e r  than j u s t  p a r t  of t h e  cyc le .  Th i s  means you 
have t o  have a  c o n c e n t r i c  head which a t  the p r e s e n t  t ime,  means t h a t  you 
have t o  use a  s l i g h t l y  more time-consuming s e t u p  of t h e  mechanical ly  ten- 
s ioned head. I f  someone could  develop one t h a t  could be done q u i c k l y  w i t h  
a  h y d r a u l i c  r i n g ,  but  t ens ion ing  e q u a l l y  a l l  around, then t h a t ' s  f i n e .  
Other th ings  inc lude  t a k i n g  c a r e  of the  out-of-plane v i b r a t i o n s  
spoken of by D r .  Kuan. Lubr ican t s  wi th  a  damping q u a l i t y  could h e l p  t h a t .  
The idea  i n  t h e  S i l t e c  c o n t r a c t  of  us ing  a i r - b e a r i n g  s l i p p e r s  on e i t h e r  
s i d e  of t h e  c r y s t a l  t o  squeeze i t  down t o  where i t ' s  running a s  c l o s e  t o  
t h e  c e n t e r  of a  t h e o r e t i c a l  p lane  a s  p o s s i b l e ,  t h a t ' s  ano the r  t h a t  ought 
t o  be included.  
The in-plane v i b r a t i o n s  a r e  made worse by any imbalances i n  t h e  
system. And t h e y ' r e  a l s o  made worse by having t h i s  b i g  heavy head come 
down on the  th ing.  So maybe i f  you could l i g h t e n  up t h e  head a s  much a s  
p o s s i b l e ,  and have some au tomat ic  way t o  wash the  s ludge and perhaps bro- 
ken s l i c e s  out  of t h e  machine, make t h i s  a l l  b u i l t  i n t o  t h e  des ign  of t h e  
th ing.  And then one t h a t  I d o n ' t  even know whether i t ' s  p o s s i b l e :  i f  you 
could make a  f o r c e - s e n s i t i v e  c u t t i n g ,  s o  t h a t  i f  t h e  c o n t a c t  s t r e s s e s  g e t  
beyond a c e r t a i n  l e v e l ,  then t h e  saw no longer  pu t s  t h a t  f u l l  f o r c e  on, 
but  w a i t s  u n t i l  t h e  s t r e s s  f a l l s  below t h e  l e v e l ,  then comes down. A l l  of 
t h e s e  t h i n g s  have t o  be done, and maybe could accomplish the  goa l  of 
reducing t h e  k e r f .  I t h i n k  i f  we could do a l l  those  t h i n g s ,  then t h e  
b lade  manufacturers  could make t h e  thin-core b lades .  
AHARONYAN: A l o t  of t ' . ings  you mentioned a r e  t h e  t h i n g s  t h a t  e i t h e r  we have 
now, o r  we ' re  working on i n  our  development. But g e t t i n g  back t o  t h e  
p o i n t  of c e n t e r i n g  t h e  I D  of t h e  b lade ,  we t h i n k  t h a t  t h a t ' s  a  ve ry  impor- 
t a n t  f a c t o r  i n  c u t t i n g  e f f i c i e n c y  and g e t t i n g  good r e s u l t s .  We have a  
b lade  mount now, and we ' re  a l s o  looking t o  improve i t ,  which we t h i n k  can 
do t h a t  job r e l a t i v e l y  q u i c k l y  and perhaps as e a s i l y  as t h e  h y d r a u l t c  
b lade  mounts t h a t  people a r e  us ing  now. But even i f  i t ' s  a  l i t t l e  more 
d i f f i c u l t  i t  may be worthwhile t o  spend t h e  e x t r a  1 5  o r  20  minutes every  
two o r  t h r e e  days t o  g e t  t h e  machine t o  i ts  f u l l  c a p a b i l i t y  of u s i n g  t h e  
100% of the  diamonds on t h e  I D .  
WOLF: I th ink  we got  away from t h e  economic a n a l y s i s  and looked a t  t h e  
t e c h n i c a l  ques t ions  of what can make t h e  r e s u l t s  of these  ana lyses  come 
t r u e ,  which I guess  is r e a l l y  t h e  c o r e  of  t h e  whole th ing .  The a n a l y s i s  
i s  on ly  a s  good a s  t h e  t e c h n i c a l  improvements t h a t  can be r e a l i z e d .  
